The design and performance characteristics of municipal drinking water systems can profoundly influence public health. To assess the operational attributes of an Accra, Ghana drinking water distribution system, high-throughput 454 pyrosequencing was employed to characterize its bacterial community composition. Samples from the waterworks and four household sources (one household tap and three polytank storage units) were analyzed within one of the Accra's distribution networks over a 4-month period. Samples provided between 9,059 and 20,076 reads (average ¼ 13,056) that represented a broad range of bacterial diversity, including rare genera. Minimum Entropy Decomposition (MED) analysis showed that the sequences described four major assemblages.
INTRODUCTION
Human health and development in every society depend upon access to safe drinking water. Despite the widespread use of vigorous sand filtration and disinfection of water supplies, contamination frequently leads to the transmission of microbial infections that cause serious illnesses and associated mortality worldwide (Craun et al. ) . In Ghana, contaminated water accounts for about 70% of reported diseases (International Fact-Finding Mission ;
WaterAid ). In many parts of the world, inconsistent supplies coupled with increased demand forces local storage of water (International Fact-Finding Mission ) that increases the potential to introduce other sources of water contamination. Thus, water quality depends upon the initial water treatment, the water transmission from the water plant to the point of use, and on-site water storage systems.
In Ghana, specifically Accra, residents face acute water supply shortages. An estimated one quarter of its residents receives a continuous municipal water supply, while approximately 35% have access only 2 days each week (WaterAid ). To insure access to sufficient amounts during the non-supply periods, most Ghana citizens must store water. Inhabitants of Accra employ various forms of water storage tanks, but black polyethylene tanks referred to as 'polytanks' have gained wide acceptance. The storage of water for hours or days encourages stagnancy that can result in microbial contamination of otherwise good quality drinking water (Ling et al. ) .
Microbiological monitoring of water quality generally relies upon conventional culturing of indicator organisms.
However, these culture-dependent approaches underestimate bacterial diversity and do not provide assessments of pathogenic species (Amann et al. ) . High-throughput sequencing of PCR amplicons from hypervariable regions in 16S rRNA genes provides an efficient means to profile bacterial communities including the detection of sequence reads from very low abundance taxa that constitute less than 0.1% of a microbial community (Tan et al. ) . 
MATERIALS AND METHODS

Sampling sites
The Ghana Water Company Limited provides drinking water for people in western Accra through its operation of the Weija waterworks located 15 km west of Accra, Ghana (see Supplementary Figure 1 This study sampled treated water over a 4-month period in 2009 (30 September, 28 October, 25 November and 15 December) from the waterworks and four randomly selected households located in Dansoman, a suburb of western Accra, which is approximately 12 km from the waterworks (see Supplementary Figure 1 ). Water was sampled from households with either a direct tap supply or an emergency polyethylene storage tank (polytank), all connected to the waterworks supply network. The three polytanks that were analyzed in this work were labeled as A, B and C (as shown in Figure 1 and located in Supplementary Figure 1) .
Sample collection and filtration
Prior to sampling, water was allowed to flow from each tap for about 3 min, followed by flame sterilization of the faucet.
We collected 2.5 L of water samples over a 3-min time interval into pre-sterilized bottles. The samples were maintained at 4 C and processed within 4 h of collection. Temperature and pH were determined at the time of sampling. Microorganisms were harvested by filtering 1.9 L of each water sample through a 0.2 μm Sterivex™ GP filter unit (Millipore, Billerica, MA) and stored at À18 C until DNA isolation.
Nucleic acid extraction and purification
Nucleic acids were extracted from the Sterivex™ GP filter Puregene lysis buffer and 10 μL of the lytic enzyme (Qiagen, Valencia, CA) and incubated at 37 C for 30 min with occasional shaking. Ten microlitres of Proteinase K (Qiagen, Valencia, CA) was added, and the sample was mixed thoroughly and incubated at 60 C for 70 min with occasional agitation. The lysed cell suspensions were removed from the reservoir surrounding the filters using sterile 3 mL syringes and transferred into 2 mL sterile screw-cap tubes. Two hundred and thirty-five microlitres of protein precipitation solution (Qiagen, Valencia, CA) was then added, and the suspensions were incubated on ice for 15 min followed by centrifugation at 12,000 × g for 5 min.
The supernatants were transferred into tubes containing 930 μL of 100% isopropanol. DNAs were pelleted by centrifugation at 12,000 × g for 5 min, washed with 700 μL of ice cold 70% ethanol, and the suspensions were centrifuged again at 12,000 × g for 5 min. The DNA pellets were airdried at room temperature and resuspended in 30 μL of DNA hydration buffer (Qiagen, Valencia, CA). The quality of the extracted DNAs was assessed by agarose gel electrophoresis, and concentrations were determined on a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE).
Polymerase chain reaction
PCR amplification of the V4 through V6 hypervariable regions of bacterial 16S rRNA genes employed fusion primers as described previously (Newton et al. ) .
We generated PCR amplicons in triplicate in 30 μL reaction volumes and included a separate no-template negative control. Reactions were performed in a GeneAmp PCR System 2720 cycler (Applied Biosystems, Foster City, CA) with amplification conditions described previously (Newton et al. ) . 
Sequencing
We amplified the pooled DNA products in PCR mixture-inoil emulsion and sequenced from the V6 end of the amplicon using Roche GS-FLX Titanium (Roche, Switzerland) 454 protocols.
Sequence analysis
Our bioinformatics process removed chimeras and low-quality reads as previously described ( 
MED pipeline-linked analyses
First, each sample (location and month) was analyzed with regard to the detected ASVs and their relative abundances.
Second, the samples were arranged according to whether they shared ASVs, and the degree of similarity is plotted on the horizontal distribution (see Figure 1 ). Third, the detailed analysis of the abundance of all 154 ASVs with the presence of at least 1% in at least one sample month is presented in Table 1 and in the vertical distribution of Figure 1 . Note that additional 178 ASVs were detected whose abundance was below the 1% cut-off. The entire list of detected ASVs is presented in Supplementary Table 1. Of note, some different ASVs with the same family name are located at different positions in the taxonomic list. This is because the different individual members are represented by different, but related 16S RNA sequences and presumably have different genome constituents, and thus different and perhaps unique physiological capabilities.
RESULTS AND DISCUSSION
Results
General water quality metrics pH ranged between 6.6 and 7.6, within WHO standards for drinking water (6.5-8.5). Temperature variation ranged between 27 and 33.5 C. There were no significant differences in either pH or temperature between sites on the same sampling date, but there were significant differences in both metrics between different months (e.g. November pH ¼ 7.00 vs. August pH ¼ 7.48).
Bacterial diversity
We recovered an average of 11,839 and 14,159 sequences Table 1 . However, we can look at whether the dominant taxa in the tap samples are present at detectable levels in the relevant waterworks samples (and thus could be potentially seeded by waterworks water), and we could do a similar analysis of the dominant polytank taxa (Table 1) .
For instance, the tap sample from December was dominated (21.26%) by ASV #979 that was found at low abundance in the October (0.83%) and November (0.08%) waterworks samples (Table 1) . Thus, the ASV #979 could have been seeded by waterworks water. Conversely, the dominant taxon in polytank A samples (ASV #1386 for October (20.34%), November (10.55%) and December (12.66%)) was not detectable in either the tap or the waterworks samples (Table 1 ), suggesting that contamination after the waterworks treatment contributed to the presence of this taxon in the polytanks. Regardless of the original source of this and other taxa in the tap and polytank sources, it is likely that the high abundance of various taxa reflects Table 1 ). The % abundance of any given ASV in any of the 20 samples is indicated by the color of the sample bar (the color and number 0-16 refer to the sample abundance). These ASVs fell into four different MED microbial assemblages (1, 2, 3 and 4 on the left). The four assemblages were analyzed versus their distribution in regard to sources and sampling months (Figure 1) ; waterworks and tap samples are dominated by assemblages 1 and 2 and, with one exception (polytank A September sample), all polytank samples are dominated by assemblage 3 or 4.
Table 1 | Microbes found in a Ghanaian drinking water system. The 154 ASVs presents are indicated, with reference to Figure 1 ; that is, the listing is in the same order as presented in Figure 1 ASV id ASV size September mains 1348 350 0.00 0.00 0.00 0.00 0.00 4.40 0.09 0.00 0.00 0.00 0.00 0.00 0.00 0.71 0.00 0.00 0.00 0.00 0.02 0.00 Bacteria; Proteobacteria; Betaproteobacteria; Neisseriales; Neisseriaceae; Vogesella (continued) The September polytank A taxa types were unique in that they primarily fell into clusters 1 and 2 similar to the September tap and waterworks samples (Figure 1) It should be noted that these observations are consistent with the observation that water stagnation can give rise to distinct microbial assemblages in water taps (Ling et al. ) .
It is of interest to determine whether any of the taxa found in the water system were likely to be human pathogens. It is not possible to definitively determine this without complete genome sequences and/or experimental tests. Nonetheless, the MED analysis identified taxa from some orders worthy of further investigation. Of particular concern were taxa from the Burkholderiales that were represented by several ASVs found in several sites including samples from the waterworks, tap source and various polytanks. Pathogenic strains resistant to antibiotics and disinfectants have been identified within the Burkholderiales. Waterborne disease outbreaks associated with this order have been reported previously (Inglis et al. ) .
Another order of particular concern is the Rickettsiales that were represented by several taxa mostly restricted to tap water and polytank sources. Rickettsiales are typically obligate intracellular pathogens of free-living amoeba in drinking water ecosystems (Fritsche et al. ).
The results from these studies indicate that while the water quality of the treated waterworks samples may be similar to that of other water plants (Eichler et al. ) , the water quality for the ultimate consumers also depends upon the delivery system and storage systems. Storage in polytanks results in unique microbial contamination problems that should be considered in their design and/or maintenance regardless of efforts to improve the quality of water at the waterworks.
CONCLUSIONS
1. Water treatment plants can provide water contaminated with complex microbial assemblages that are similar month to month over a 4-month period.
2. Water taps provide water with microbial assemblages similar to that found in the water plant water.
3. Water storage tanks newly cleaned and filled with water have a microbial assemblage similar to that observed in the tap water.
4. Water stored for a month or more contains microbial assemblages distinct from those found in the water plant, in the tap and in the newly filled water tank.
5. The existence of distinct microbial assemblages in stored water suggests that the provision of adequate dependable quantities of water (thus bypassing the need for domestic water storage) should be a priority in water system improvements or alternatively that water storage tanks should be cleaned at frequent intervals.
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